Ultrashort-pulse lasers are now commonly used for multiphoton microscopy, and optimizing the performance of such systems requires careful characterization of the pulses at the tight focus of the microscope objective. We solve this problem by use of a collinear geometry in frequency-resolved optical gating that uses type II second-harmonic generation and that allows the full N.A. of the microscope objective to be used. We then demonstrate the technique by measuring the intensity and the phase of a 22-fs pulse focused by a 203, 0.4-N.A. air objective. © 1998 Optical Society of America OCIS codes: 140.7090, 320.7100, 320.7160. In multiphoton microscopy, determining the optimum exposure conditions, i.e., those that provide the best combination of image resolution, contrast, and specimen viability, requires an accurate picture of the f ield at focus.
In multiphoton microscopy, determining the optimum exposure conditions, i.e., those that provide the best combination of image resolution, contrast, and specimen viability, requires an accurate picture of the f ield at focus. 1 Thus a method for accurately determining the pulse intensity and phase at the focus produced by a microscope objective is vital.
Currently, frequency-resolved optical gating 2 (FROG) provides the most sophisticated and reliable pulse intensity and phase measurements. FROG is a suite of techniques that use phase-retrieval algorithms to obtain the intensity and the phase of ultrashort pulses from frequency-resolved autocorrelations of the pulses. The specific FROG geometry required for a measurement depends on the power, wavelength, and other characteristics of the pulse. To date, all FROG devices have relied on noncollinear geometries. For pulses focused by a high-N.A. objective, however, a collinear geometry allows the full N.A. of the objective to be used, producing the tightest focus and, subsequently, the greatest intensity and the highest spatial resolution. Thus, for multiphoton microscopy, it is desirable to use a collinear FROG geometry for measurements at the focus of high-N.A. objectives. In this Letter we present what we believe to be the first demonstration of a collinear FROG technique, specifically, one based on collinear type II secondharmonic generation (SHG). We describe this variation on the FROG technique and present a measurement of a 22-fs pulse focused by a 203, 0.4-N.A. air objective by use of type II SHG FROG.
FROG relies on frequency resolving an autocorrelation of the pulse to obtain the signal:
Here E sig ͑t, t͒ is the signal field produced by the autocorrelation as a function of time t and time delay t, and v is the angular frequency. For noncollinear SHG FROG, the signal field for a plane wave with perfect phase matching is
where E͑t͒ is the electric field of the pulse that is being measured.
The experimental setup for type II SHG FROG is similar to that for SHG FROG, except that, as shown in Fig. 1 , the beams are collinear, and there is a 90 ± polarization rotation between the two arms of the FROG interferometer. Type II SHG FROG also uses type II phase matching instead of type I phase matching. ± polarization rotation between the two arms (achieved by placement of a l͞2 wave plate in each arm) and that the device uses a type II crystal. In this study the crystal was potassium dihydrogen phosphate (KDP).
Type II SHG FROG has several advantages. Since the signal f ield for type II SHG FROG is identical to that for SHG FROG, type II SHG FROG traces are identical to SHG FROG traces, and the existing SHG FROG algorithms can be used to retrieve the intensity and phase. One can also produce type II SHG FROG devices from an existing interferometric SHG autocorrelator simply by placing identical zero-order wave plates in each arm of the autocorrelator and replacing the type I crystal with a type II crystal. Also, a minor rotation of the type II crystal produces temporal fringes with a known spacing, making type II SHG FROG self-calibrating in delay. These temporal fringes are those normally associated with interferometric autocorrelation.
Using a collinear geometry has another advantage as well. Current laser systems routinely produce pulses shorter than 30 fs, and several research groups have produced pulse widths of 10 fs or less. 3 -5 These pulses are only a few optical cycles long, but careful control of dispersion, group delay as a function of radius in the objective, and other system parameters could potentially allow few-cycle pulses to be focused by microscope objectives. For all noncollinear geometries, the finite crossing angle of the beams produces temporal blurring. For asymmetric FROG geometries, the f inite thickness of the nonlinear medium also produces geometrical distortions that produce temporal blurring. 6 Using a collinear geometry eliminates these problems.
There is one important consideration in type II SHG FROG that partially neutralizes this last advantage. In a type II crystal the two different polarizations propagate along different optical axes, and the different propagation velocities along those axes produce a temporal walk-off in the type II crystal between the two polarizations. 7 For a 50-mm-thick type II KDP crystal, the temporal walk-off is approximately 8 fs. Such a large walk-off would badly distort the FROG signal for pulses of ,50 fs. If the confocal parameter is much shorter than the crystal thickness, however, the effective interaction may be much shorter, which greatly reduces the temporal walk-off. The blurring that is due to the walk-off will usually be negligible for multiphoton microscopy when high-N.A. objectives are used. We note that the short interaction region also increases the effective phase-matching bandwidth. Alternatively, shorter crystals could be used.
An unusual feature of the method presented in this Letter is the use of a nonlinear medium that is thick compared with the light Rayleigh range. All previous FROG measurements have used thin media. However, all pulse-measurement techniques require that the pulse f ield be separated into the product of time-and space-dependent functions. As a result, the (spatial) thick-medium effects factor out of the temporal integral for the FROG trace and reside in a spatial integral, which is constant with respect to delay and plays no role in the trace.
To demonstrate type II SHG FROG, we measured 22-fs pulses from a Ti:sapphire oscillator. For the measurement, we used a 203 air objective with a N.A. of 0.4 and a 50-mm-thick type II KDP crystal. We set the focus just inside the surface of the crystal by monitoring the intensity and scanning the position of the crystal. The confocal parameter in this case is ϳ10 mm, leading to a temporal walk-off in the crystal of 1.6 fs. Since the effect of the walk-off is a convolution of the intensity over this region, the actual distortion should be lower. We rotated the polarization by use of two zero-order l͞2 wave plates, one in each arm of the dispersion-and amplitude-balanced autocorrelator.
As an alternative, we could have rotated the polarization by use of an out-of-plane rotation. In this experiment the FROG trace did have residual fringes that were approximately 10% of the peak for each wavelength, owing to the wave plates. These fringes existed because the polarization of the beams was not extremely pure owing to the lack of polarizers, which would have eliminated residual incorrect polarization. Since the pulse duration in this Letter corresponded to many optical cycles, we used Fourier low-pass f iltering along the time axis of the FROG trace to remove the residual fringes. The measured FROG trace is shown in Fig. 2 . The pulse was retrieved well, with a FROG error of 0.0032 for a 128 3 128 pixel trace. Figure 3 shows the retrieved intensity and phase of the pulse as a function of time. The FWHM of the intensity is 22 fs, and the FWHM of the spectrum is 63 nm. The 0.62-FWHM time -bandwidth product occurs because of the high-order residual phase distortions, which are not corrected for by our precompensating compressor. As shown in Fig. 4 , the retrieved SHG autocorrelation and spectrum agreed well with the separately measured autocorrelation and spectrum, and the measured frequency marginal of the FROG trace and the autoconvolution of the pulse spectrum also agreed well.
For completeness, we note that there are other collinear geometries that will also prove useful. Interferometric second-harmonic generation and interferometric third-harmonic-generation FROG are simply collinear versions of the standard secondand third-harmonic-generation FROG techniques, 2 respectively, that build directly on the established strengths of interferometric SHG and interferometric third-harmonic generation autocorrelation. Ultimately, because of the fringe-resolved capability and the freedom from temporal blurring and geometrical distortions of these techniques, they may prove to be the best methods for measuring pulses of only a few optical cycles. These techniques require new algorithms, however, which are under development.
In conclusion, we have demonstrated for what we believe to be the first time a collinear FROG geometry that allows the full N.A. of a microscope objective to be used. This technique will be particularly useful for measuring pulses at the foci of objectives used for ultrafast multiphoton microscopy, where using the full N.A. of the focusing objective produces the tightest focus and, subsequently, the highest spatial resolution. We have used type II SHG FROG to measure 22-fs pulses from a Ti:sapphire oscillator that have been focused by a 203, 0.4-N.A. air objective.
